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Abstract
We investigate the pressure phase diagram of FeTe, predicting structural and magnetic properties
in the normal state at zero temperature within density functional theory (DFT). We carefully
examined several possible different crystal structures over a pressure range up to ≈ 30 GPa: simple
tetragonal (PbO type), simple monoclinic, orthorhombic (MnP type), hexagonal (NiAs and wurzite
type) and cubic (CsCl and NaCl type). We predict pressure to drive the system through different
magnetic ordering (notably also some ferromagnetic phases) eventually suppressing magnetism
at around 17GPa. We speculate the ferromagnetic order to be the reason for the absence of a
superconducting phase in FeTe at variance with the case of FeSe.
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I. INTRODUCTION
In the chalcogenide family of iron-based superconductors1 (FeTe1−xSex, with 0 6 x 6 1)
the most studied are x = 1 (FeSe) and alloys near the optimal doping x ≃ 0.5 (FeTe0.5Se0.5).
The latter has till now the highest superconducting critical temperature Tc = 15.6K
2 among
the chalcogenides at zero pressure, while the first shows a Tc which depends strongly on
external pressure: Tc increases from 8K at ambient pressure up to 37K at P ∼9 GPa.
3,4
On the other hand, FeTe (x = 0) is a noticeable example of non-superconducting parent
compounds, in spite of having peculiar magnetic properties with potentially better super-
conducting properties than FeSe5.
However, pure FeTe is always synthesized in the non stoichiometric form Fe1+yTe.
6,7 At
higher concentrations it is also found that the excess Fe plays a role in determining the
magnetic properties.5,8
The ground state of FeTe is experimentally found as double stripe antiferromagnetically
ordered phase (AFMs2)9 and theoretically confirmed.10–12 The AFMs2 ordering consists into
an AFM alternation of pairs of ferromagnetically ordered stripes of Fe-atoms, and can be
seen as a spin-density wave (SDW) with a wave vector half of that corresponding to the usual
stripe AFM ordering found in pnictides. This magnetic phase survives at low temperature
with no sign of superconducting phase transition. This finding stimulated the search of
a possible superconducting phase of FeTe, in particular, looking for a way to destroy the
antiferromagnetic phase thus enhancing the spin-fluctuations.
For this purpose, hydrostatic pressure (P) has been largely used to induce superconduc-
tivity in non-superconducting materials at ambient pressure. In Fe-based superconducting
compounds (both pnictides and chalcogenides), this technique had many successes6,13–25,
guiding the discovery of new superconducting materials.
Regarding FeTe, transport measurements13 show that pure FeTe is not a superconductor
even under high pressure (P up to ∼ 19GPa). The same paper shows the presence of several
phase transitions on FeTe by varying temperature and pressure (see Fig. 5).
Zhang et al.6 observe a sudden decrease of the isothermal compressibility for P & 3GPa.
They observe that for P . 3 GPa the c axis decreases with increasing pressure much less
than for P & 3 GPa. The a axis, on the other hand, decreases with the same slope with
increasing pressure in the whole investigated range (P up to ≈10 GPa). This sudden kink in
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the slope of the c axis versus P curve was supposed to be related to some phase transitions
(possibly of magnetic origin) and was observed to be second order (without any discontinuity
in the unit cell volume as a function of pressure).
Another paper14 reports isothermal compressibility data for P less than 10GPa: it is
quite smooth and does not show any derivative discontinuity.
However, these experimental evidences are at variance with what observed in the case
of 122 compounds (Ca(Ba)Fe2As2 for example), in which a first order phase transition is
observed21 with volume contraction, well predicted by first principle calculations.26–28 In the
122 type compounds a symmetry preserving phase transition, driven by hybridization of
the pz As orbitals, produces a sudden shortening of the c-axis and a sudden transition to a
compressed phase (with a discontinuity in the volume versus pressure curve).28 In FeTe, on
the other hand, the crystal structure does not allow direct Te-Te bonds along z-direction,
thus this same phase transition is not expected at all.
Recently, by means of muon spin rotation, dc magnetization, and neutron depolarization
measurements30 new magnetic phases were reported (never reported for 1111 and 122 class
of superconductors) and with synchrotron powder x-ray diffraction31 a plethora of structural
phase transitions were observed within the 0-3 GPa pressure range in Fe1.08Te.
Within this scenario it is evident that the structural phase diagram of FeTe under pres-
sure is not complete and the experimental evidences are not deeply explored and are still
unclear, even from a theoretical point of view. In particular there are no informations on the
possible structural phases under pressure, on new magnetic orderings and on the theoretical
possibility to obtain an high-pressure non-magnetic phase.
In order to clarify the role of pressure in determining the interplay between structural and
magnetic properties of FeTe, we performed extended first-principles simulations of the high-
pressure phase diagram of FeTe within the Density Functional Theory (DFT) considering
many different phases, both in their non-magnetic and magnetic configurations.
II. COMPUTATIONAL METHOD
Our calculations were performed within DFT framework using the Perdew-Wang35
version of generalized gradient approximation (GGA). The Projected Augmented Waves
(PAW) pseudopotentials32 were used for both Fe and Te atom as implemented in the VASP
3
FIG. 1. (Color online). Panel (a) PbO structure. Panel (b) NiAs structure. Panel (c) MnP
structure. The number of atoms was chosen for the sake of clarity and it is not related to that
used in the simulations.
package.33,34. Since usually Fe 3p semi-core electrons are treated as valence electrons in
other Fe-based superconductors36 and in order to ensure a proper transferability in the high
pressure region (see below) we included them as valence electron too. Most of calculations
were performed using a super cell with 8 Fe atoms and 8 Te atoms (see also below), in order
to deal with the zero pressure equilibrium state magnetic ordering. We use a plane waves
cutoff of 500eV. The k point mesh was a 6 × 6 × 6 Monkhorst Pack grid for the tetragonal
PbO structure (2a × 2a × c unit cell, see below), in other cases a comparable mesh was
chosen.
We consider several possible different crystal structures (see Fig.1): simple tetragonal
(PbO type, P4/nmm space group), monoclinic, orthorombic (MnP type), hexagonal (NiAs
and wurzite type) and cubic (CsCl and NaCl type). All structures were simulated with 8
Fe atoms unit cells. For tetragonal PbO cell we use a 2a× 2a× c unit cell (a and c referred
to the 2Fe atoms unit cell). The tetragonal phase is unstable when an antiferromagnetic
order is imposed and lowers the symmetry into an orthorhombic or monoclinic phase, slightly
distorting the Fe in plane squares (AFM phase) or the angle between a and c (AFMs2 phase).
The MnP type phase is an orthorhombic phase of the Pbnm space group and can be viewed
as a lower symmetry distortion of an hexagonal NiAs phase (space group P63nmc). The
distortion of the NiAs phase to the MnP phase is customary in this family of compounds,
as discussed for FeSe.3,37
We choose a set of volumes spanning the interval 40A˚3/2Fe – 108A˚3/2Fe and for each
one we find the minimum energy configuration, at fixed volume, relaxing the internal atomic
positions and cell parameters. In order to determine the transition pressures, we calculate
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the enthalpy H = E + PV as a function of the pressure. The pressure P was calculated
as the trace of the stress tensor (always isotropic). We also calculated the pressure from
the analytic derivative of the E(V ) curve obtained fitting the E(V ) data with a Birch-
Murnaghan equation of state. The two methods are in good agreement as far as the Birch-
Murnaghan equation of state fits the calculated total enegies.
We investigate various magnetic orderings: non magnetic (NM), collinear antiferromag-
netic stripe (AFMs), antiferromagnetic double stripe (AFMs2, also called bicollinear in
the literature)10,11, antiferromagnetic checkerboard (CB) and ferromagnetic (FM). Spin-
polarized calculation were performed in the collinear approximation without including spin-
orbit coupling.
III. RESULTS AND DISCUSSION
Fig. 2 shows the total energy as a function of unit cell volume for an 8 Fe atoms unit cell.
The most stable structure at P = 0 is the monoclinic crystal structure with an AFMs2 mag-
netic ordering. The distortion with respect to tetragonal symmetry is small and driven by
the magnetic pattern, which brakes the equivalence of a and b axis. This can be rationalized
in terms of a frustrated Heisenberg model.10
The a and b axis are no longer equivalent as in the tetragonal structure and the angle
between a and c axis is no longer 90° but ranges from 88.35° and 88.2° for P ≤2GPa, in
a suitable agreement with what is found experimentally (89.17°) and in line with other
theoretical calculations.7,12 The atoms internal coordinates vary (with respect to those in
the tetragonal structure) in such a way that stripes with the same spin orientation become
closer and stripes with opposite spin orientation become more distant.
The AFMs2 phase has an energy gain of less than 6 meV/Fe with respect to AFMs
phase, which is the ground state of most of other Fe-based superconductors. This theoreti-
cal prediction agrees with both experiments38 and theoretical calculations.10,11 At P = 0 the
equilibrium volume is V0=94A˚
3/2Fe, in good agreement with experimental values reported
in literature: 93.2A˚3/2Fe at ambient temperature6, 92.96A˚3/2Fe at T≤45K39, 90.78A˚3/2Fe
at T≤2K7. The slightly overestimation of the calculated volume with respect to low temper-
ature measurements is usual in some material for GGA functional and in this case is mainly
due to an overestimation of the out-of-plane (c) lattice constant.
5
340 360 380 400 420
Volume (Å3)
-91
-90,5
-90
-89,5
-89
-88,5
En
er
gy
 (e
V)
Monoclinic AFMs2
Tetragonal FM
Orthorombic AFMs
Tetragonal AFMc
Tetragonal NM
270 280 290 300
-89,5
-89
-88,5
-88
En
er
gy
 (e
V)
270 280 290 300
-89,5
-89
-88,5
-88
En
er
gy
 (e
V)
NiAs structures
NM
AFMFM
NM
AFM FM
MnP structures
FIG. 2. (Color online). Total energy versus unit cell volume for an 8 Fe atoms cell. For clarity,
two different pressure and energy ranges are reported in different panels.
With respect to the AFMs2 phase, the other tetragonal phases have energies higher by
∼6 meV/Fe (AFMs), ∼24 meV/Fe (FM), ∼53 meV/Fe (CB), and ∼108 meV/Fe (NM) at
P = 0. These energy differences appear to be qualitatively in agreement with published
theoretical results10,11, which in turn differ from each other on the same energy scale (see
Tab. I). Note that both papers10,11 use different experimental lattice constants, while we
optimized them.
At volumes near the equilibrium one, for V > 340A˚3/8Fe (V > 85A˚3/2Fe), the low energy
phases are the tetragonal derived ones (slightly distorted depending on the magnetic order);
at lower volumes (V 6 340A˚3/8Fe), on the opposite, the low energy phases become the NiAs
derived ones (NiAs and MnP). All the other phases considered (CsCl, NaCl and wurzite) lie
at higher energies at all considered volumes irrespective of their magnetic ordering (we do
not show them in the figures for clarity, lower panel, Fig.2).
It is worth mentioning that even if low pressure distortions are sizable they do not deter-
mine the relative energy ordering of the different magnetic phases. The ground state is still
AFMs2 and the first transition is still towards a ferromagnetic ordered phase even fixing the
crystal structure in the tetragonal phase (see below). This is clear looking at Fig. 3, were
we report the total energy of the different magnetic structures without (in the tetragonal
6
Mag. phase This work Moon et al. Ma et al.
AFMs2 0 0 0
AFMs 6 30 10
FM 24 70 76
CB 53 125 68
NM 108 n.d. 166
TABLE I. Total energy of different magnetic orderings at zero pressure (meV) with respect to
the AFMs2 ground state. The results are calculated in the tetragonal structure for the sake of
comparison.
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FIG. 3. (Color online). Total energy (8 Fe atoms unit cell) versus volume for the most relevant
magnetic orderings in the undistorted tetragonal cell.
phase) the magnetically-induced structural distortions.
Having discussed the ground state geometry, at P=0, we pass to discuss high-pressure
region of the phase diagram. Fig. 4 shows the enthalpy of FeTe over a wide range of pressures.
It is evident how the system goes through several phase transitions going from lower to higher
pressures. This is in line with what was recently observed with x-ray diffraction31. Starting
from the monoclinic AFMs2, a first transition leads to a tetragonal FM structure at 2.1
GPa. In this phase Fe layers are surprisingly ferromagnetically ordered. Around 5.3 GPa
there is a further transition. Increasing P we find many phases which compete with each
7
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FIG. 4. (Color online). Enthalpy H as a function of pressure. In the main panel H is relative to
that of the zero pressure stable phase (AFMs2), while in the insets it is relative to that of the NiAs
FM phase.
other and with very similar enthalpies. Warning the reader that our predictive power on this
scale may be limited by, e.g., the accuracy in the computed pressure, the sequence of phases
encountered is: MnP AFM (at P= 5.3 GPa), NiAs FM (at P= 7.2 GPa), MnP FM (at P=8.8
GPa), NiAs FM (at P=10.0 GPa), NiAs NM (at P=17 GPa), MnP NM (at P=22 GPa).
The system eventually becomes non-magnetic at P =17 GPa. We point the experimental
attention in this pressure range, in order to discover possible non-magnetic phases. However,
the crystal symmetry and the magnetic alignment (FM) of the closer phase (ferromagnetic
NiAs phase) does not favor a superconducting phase, at least assuming an antiferromagnetic
spin-fluctuation mechanism.
Fig. 5 shows the volume of an 8 Fe atoms cell as a function of pressure. The experi-
mental equilibrium volume is well reproduced, while the bulk modulus B0 is underestimated
(i.e. the compressibility is overestimated) with respect to experiment. The fit with a 3rd
order Birch-Murnaghan equation of state gives B0=13.1GPa, while experimentally a value
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FIG. 5. (Color online). Cell volume as a function of pressure. The experimental curves (full black
symbols) are taken from Ref. 6 (exp1), from Ref. 7 (exp2 and exp3) and from Ref. 14 (exp4).
of B0=31.3GPa at 300K was reported
6. The P =2.1GPa transition to the FM tetragonal
structure is of first order and is accompanied by a volume reduction of ∼2.5A˚3/2Fe.
At P ≃1.5 GPa, Okada et al.13 indicates the presence of a phase transition by means
of magnetic and transport measurements taken at 4.2 K. It is argued that the monoclinic
antiferromagnetic phase (low temperature and low pressure) is suppressed by increasing
pressure in favor of another phase with a different magnetic state. According to our results
this phase could be the FM tetragonal structure. This phase transition is very peculiar, given
the apparent similarity of FeTe with other members of the iron-based pnictides compounds.
However there are strong experimental indications. In fact, recently Bendele et al.30 report
on ferromagnetism induced by pressure in Fe1.03Te. They argue that at low temperature
there is a transition from AFM to FM ordering, which confirms our predictions. Structural
measurements31 indicate that Fe1.08Te at low temperature and high pressure undergoes a
structural transition from a monoclinic structure to a tetragonal structure at a pressure of
about 1.5GPa. Even this structural phase transition is nicely predicted by our calculations
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which predicts a tetragonal FM phase at 2.1 GPa.
We point out that although a small amount of excess Fe in samples may have a role
in driving the system properties, eventually producing an apparent agreement between ex-
periments and calculations, our results seem to rule out also this possibility (see below for
calculations on the Fe excess role).
Other experiments6 claim a second order transition at P ∼3 GPa which brings the system
in the so called “compressed tetragonal” phase, with the caveat that those data were taken
at 300 K. Our results do not seem to support this conclusion (see later and discussion in
the Introduction). For P in the interval (2, 19)GPa Ref.13 does not show evidence of other
phase transitions, apart from one at P ≈ 10 GPa, suggested on the basis of the electrical
resistance versus temperature curves. These show a qualitatively different behavior at P
above and below 10 GPa, but the authors declare that this could likely be due to a non
hydrostatic stress.
Increasing the pressure a 1st order transition from tetragonal FM towards another AFM
phase (in the MnP structure) takes place at P =5.3 GPa, with a sizable volume change. For
P going from 5.3GPa to 17GPa the system undergoes some transitions between MnP and
NiAs magnetic phases (the MnP phase is de− facto a distorted NiAs phase). These phases
are almost degenerate because in this pressure range the distortion that brings the NiAs to
an MnP phase is very small. At P =17GPa the magnetization goes definitely to zero and
the system adopts a non magnetic NiAs structure, which distorts to a non-magnetic MnP
structure at P =22GPa. For higher pressures we do not find any other phase transitions,
the MnP phase becomes more and more distorted with respect to NiAs one. The distortion
is essentially characterized by a buckling of the Fe planes, which are no longer flat. This
last buckling of the Fe plane has interesting effects even at zero pressure: in fact the AFMs2
magnetic phase is easily destroyed by the Fe buckling.
Fig. 6 shows low pressure cell parameters, both in absolute units and relative to those
at P =0GPa compared to experimental data6,40 (taken at 300K). At higher pressures there
are no experimental data to compare with. It is clear how DFT-GGA overestimate the
distortion in the ab plane (the a/b ratio), the c axis absolute value and the decrease of the
c axis with increasing pressure (bottom panel). On the opposite our calculations reproduce
pretty well the a axis absolute value and the reduction of the a axis with increasing pressure.
Although the qualitative agreement with experiments is good and reasonable, the quan-
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FIG. 6. (Color online). Cell parameters at low pressure compared to experimental results. Top-
panel: absolute value. Bottom-panel: values relative to those at P =0 as function of pressure.
Experimental data from Ref. 6 and 40 refined in the PbO (P4/nmm) structure: circles and rhom-
bus; data from Ref. 7 refined in the Pbnm structure (P21/m space group): triangles (only zero
pressure).
titative comparison should be improved. The inaccuracy of DFT in descring pnictides, is a
possible explanation, but presence of excess Fe, which is always present in real samples (and
not taken into account in most of simulations) could be a possible source of error. In fact,
Ref. 6 and Ref. 7 both estimates a 5% concentration of excess Fe in FeTe. In order to clarify
this point, always invoked to explain possible differences between theoretical predictions
and experimental results, we performed representative calculations in a supercell with 17 Fe
atoms and 16 Te atoms, which corresponds to Fe1,0625Te. The atoms where arranged in a
2a× 2a× 2c cell, and the excess Fe occupies the so-called 2a site, which is roughly coplanar
with Te atoms. Fig.7 shows the total energy as a function of volume for representative mag-
netic orders. The excess Fe does not modify substantially the energy sequence. Although
possible disorder effects can be present this result poses stringent limitations on the effect of
Fe excess. At the same time, Fig.8 shows that the effect of excess Fe on structural properties
11
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FIG. 7. (Color online). Total energy versus unit cell volume for a 17 Fe and 16 Te atoms cell.
is not crucial, being the compressibility with and without excess Fe nearly the same.
As discussed above there is a pressure range in which we obtain a ferromagnetic ordering
along the Fe planes, in agreement with the available experiments30, a fact which was not
observed in other pnictides based superconductors. However, the P based ones, LaCoPO
is found to be ferromagnetic at ambient pressure41,42, and therefore not a superconductor,
similarly to the case of FeTe. The anion height above the Fe planes, is invoked as a possible
parameter correlated with both the superconducting Tc and the magnetic phase.
11,43,44 Thus,
in order to better clarify the origin of the high pressure ferromagnetic phase, we report
in Fig.9 the Te height over Fe planes. It is in fact know that the Fe moment depends
significantly from this quantity. In the AFMs2 phase we have two Te sites with two different
heights. The corresponding calculated average is smaller than the experimental value by
about 0.1 A˚; in the FM phase, on the other hand, the theoretical value is larger by ≈ 0.5
A˚ and, finally, in the NM phase zTe is ≈ 1.5 A˚ smaller than in experiment (which is a well
known result). It is clear that in FeTe the anion height above Fe planes is bigger than the Se
height in FeSe and the As height in LaFeAsO, which can be easily understood considering
that the covalent radius of Te atom is bigger than Se and As. In agreement with Ref.11, we
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find that high values of zTe favors FM alignment, confirming that anion height determines
the magnetic order.
The existence of ferromagnetic ordering is puzzling since it is not clear if it may be due
to a deficiency of GGA functional to describe properly the binding within the solid (notably
a higher c that experiment) or this is a feature that distinguish this system from other
compounds in the chalcogenide family.
As expected, the magnetic moment µ at Fe site decreases monotonically with increasing
pressure (Fig.11). At low pressure, in the AFMs2 phase, the calculated magnetic moment
is µ = 2 µB, while experiments report typical values around 2.5 µB
7,2.25 µB
38. In the
MnP/NiAs pressure range of stability µ is nearly independent from the assumed structure.
At P ≈17 GPa, above which the system is non magnetic, µ ≈ 1 µB. Interestingly, the ferro-
magnetic ordering in the PbO structure persists under compression till very high pressures.
In fact, FM order would survive up to pressures as big as ≈35 GPa, if it were the stable
phase.
Another interesting issue on pure FeTe is the lack of superconductivity up to P =19GPa13,
13
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the maximum pressure reached till now experimentally, this is the opposite to what hap-
pens in FeSe.3,4 Our calculations reveal that the transition from magnetic ordering to non
magnetic ordering with increasing pressure occurs at about 17GPa and involves a ferromag-
netic ordered phase. So the strong fluctuations which likely manifest near the transition
are of ferromagnetic nature, oppositely to what happens in FeSe, and do not promote a
superconduting transition.
IV. CONCLUSIONS
We present first-principle results on FeTe under hydrostatic pressure. We confirm the
experimental evidence of an AFMs2 magnetic order at ambient pressure and predict several
phase transitions between magnetically ordered phases under pressure, until the magneti-
zation goes to zero as the pressure increases above P =17GPa. We find FM to be the
ground state for pressure between 2.1GPa and 17GPa. This finding is in agreement with
14
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experimental results. We speculate that this may be the discriminant between the behavior
of FeTe toward superconductivity with respect to other chalcogenides of the same family.
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